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We present a multimodal ferrule-top sensor designed to perform the integrated epidetection of
Optical Coherence Tomography (OCT) depth-pro¯les and micron-scale indentation by all-optical
detection. By scanning a sample under the probe, we can obtain structural cross-section images and
identify a region-of-interest in a nonhomogeneous sample. Then, with the same probe and setup, we
can immediately target that area with a series of spherical-indentation measurements, in which the
applied load is known with a N precision, the indentation depth with sub-m precision and a
maximum contact radius of 100m. Thanks to the visualization of the internal structure of the
sample, we can gain a better insight into the observed mechanical behavior. The ability to impart
a small, con¯ned load, and perform OCT A-scans at the same time, could lead to an alternative,
high transverse resolution, Optical Coherence Elastography (OCE) sensor.
Keywords: Optomechanical; microindentation; optical coherence tomography; indentation;
multimodal sensor; epidetection.
1. Introduction
The importance of mechanical measurements is
undisputedly recognized in several research areas.
In the ¯eld of biomedical research, for instance,
quantitative assessments of the viscoelastic proper-
ties of cells and tissues allow scientists to investi-
gate the role of mechanics in the physiology
of living systems.1–3 This kind of studies may
eventually lead to major breakthroughs in tissue
engineering and in the detection of life-threatening
diseases.4,5
The local mechanical properties of biological
materials are typically assessed via Atomic Force
Microscopy (AFM)6–9 by means of so-called nano-
indentation techniques. A tip, mounted at the end
of a micro-machined cantilever spring, is pushed
into the sample with a calibrated stroke. By looking
at how the de°ection of the cantilever evolves over
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time, one can infer the mechanical properties of the
material underneath the indented point.10,11
Indentation techniques, however, su®er from a
main limitation: they measure the collective be-
havior of the volume of material underneath the
contact area: when researchers observe spatial var-
iations of mechanical properties, they cannot tell
whether those di®erences arise from the presence of
heterogeneous structures in the sensed volume, or if
that volume is homogeneous and simply possesses
di®erent mechanical properties.
This ambiguity is particularly detrimental when
indentation is used as a diagnostic tool to discern
healthy tissues from diseased ones. Biological sam-
ples, indeed, typically present a high degree of
multiscale structures which a®ect their macroscopic
behavior.12–14
A visualization of the inner structures of the
sample would allow for a better interpretation of
mechanical measurements and for a disambiguation
between the in°uence of internal structures and
intrinsic mechanical di®erences. A noteworthy
technique for this purpose is Optical Coherence
Tomography (OCT), which o®ers a ¯eld-of-view
and a resolution relevant to the scales of nano- and
micro-indentation.
In 1998, Schmitt published the seminal paper of
Optical Coherence Elastography (OCE),15 in which
he combined OCT imaging to assess strain in the
material and mechanical loading to impart a known
compressive stress, and eventually obtained a visu-
alization of the mechanical properties of a sample
called elastogram. There are now multiple approa-
ches to the creation of elastograms by OCE, di®er-
ing in the type and spatial extent of the loading
mechanism, or in its temporal characteristics.16–20
To aim at applications in life sciences, researchers
put considerable e®ort in increasing the resolution
of elastograms, targeting the ¯ner structures of
tissues that may be early indicators of disease.
Recent OCE works obtained micro-scale resolu-
tion21–24 elastograms, improving the OCT signal
processing to extract more accurate strain mea-
surements and reducing the contact area to apply a
more localized mechanical stimulus; e®ort in mini-
aturization resulted in the needle-based OCE for
in vivo and in situ characterization.25–27
Over the last few years, our group has pioneered
a new indentation technique that has been tailored
for applications in life science research.28–30 The
technique relies on a ferrule-top probe, which is
obtained by assembling a millimeter-size cantilever,
equipped with a 100m diameter sphere on its
free hanging end on a small glass block. The block
hosts an optical ¯ber used to measure the de°ection
of the cantilever and reproduce the indentation
protocol used in AFM nano-indentation. This ap-
proach has already been used by several groups to
assess the mechanical properties of tissues and
cells.11,31–38 Furthermore, in 2013, we have dem-
onstrated that the ferrule-top probes used for in-
dentation can be modi¯ed to host another optical
¯ber that, connected with an OCT system, enables
the user to look at how the subsurface features of a
sample deform when the indenter is pushed into the
sample.39 Those studies have never been brought
beyond a ¯rst proof-of-concept, whose practical
relevance in life sciences was very limited: the use of
new fabrication techniques and materials lead to a
reduction of the sti®ness of the cantilever by three
orders of magnitude with respect to those initial
studies, enabling measurements on biologically-
relevant soft materials. Moreover, the old design
was imparting the compressive load by means of a
small tube glued to the cantilever, which allowed
the OCT signal to pass through. Unfortunately,
such indenter geometry posed severe limitations to
the quantitative analysis of the mechanical data, its
sharp edges lead to stress accumulation and could
have damaged soft samples and there is no analyt-
ical model for such an indenter shape. This issue was
crucially overcome as the new, transparent cantile-
ver allows us to substitute the tube with a hemi-
spherical sapphire indenter tip, which at the same
time, acts as a half-ball lens, for focusing and epi-
detection of one-dimensional (1D) OCT depth pro-
¯les (A-scans) along the indentation axis.
Our probe can hover over the surface of a thick
sample mounted on motorized stages: by driving
them in a raster scan under the ¯xed sensor, we can
obtain cross-sections or volumetric OCT images
(B- or C-scans), with which they visualize and iden-
tify possible subsurface structures. The probe can
then target regions-of-interest and perform quanti-
tative micro-indentation measurements in there.
Other designs combining OCT and micro-
indentation have been published, but they are only
applicable to thin samples, since indentation and
OCT are performed from di®erent sides of sample.40
The integration of indentation and OCT on the
same sensor allows for an immediate and accurate
co-localization of the optical and mechanical













































































measurements with notable gains in speed and
repeatability. Moreover, the geometry of the in-
denter makes it possible to test virgin materials
(no need for precompression) at very ¯ne scales,
keeping the contact radius below 100m.
We show that with this system, we can indeed
acquire B-scans of a sample that hides complex
features underneath a homogenous surface, and
that the probe is then capable of distinguishing
di®erent mechanical responses when positioned on
top of the di®erent subsurface structures.
2. Experimental Details
2.1. Ferrule-top sensor: Design and
fabrication
Figure 1 shows a microscope image of the probe,
which was designed to combine ferrule-top inden-
tation with the acquisition of OCT depth pro¯les in
an epidetection scheme. The probe consists of a
borosilicate glass ferrule hosting: (i) a cantilever
spring, used to apply a calibrated mechanical load,
(ii) a half-ball lens, used both as indenting tip and
as focusing element for the OCT signal, and (iii) two
optical ¯bers, one used to measure the de°ection of
the cantilever and the other used to perform OCT.
The fabrication of the probe consists of three
steps: preparation of the ferrule, preparation of the
cantilever with the lens, and their assembly.
In the ¯rst step, a 3mm 3mm 7mm borosil-
icate glass ferrule is mounted on a diamond wire
cutter, which is used to carve a 3mm 500m
500m ridge out of the small facet of the ferrule and
a deep groove on its side [Fig. 2(a)].
In the second step [Fig. 2(b)], a borosilicate
glass ribbon (Vitrocom Inc.), with a rectangular
section of 30m 300m, is made re°ective for
most of its length by sputtering a 5 nm thick chro-
mium adhesion layer followed by a 100 nm thick
gold ¯lm. The remaining length of the ribbon,
around 500m, is left transparent. There, a sap-
phire half-ball lens (Edmund Optics, 200m radius)
is glued on the opposite face of the coating.
In the third step [Fig. 2(c)], the ribbon is glued to
the ridge of the ferrule. A single mode optical ¯ber
(Corning SMF28) is then cleaved and mounted in
the side groove, pointing at the re°ective part of the
cantilever. Another single mode optical ¯ber
(Corning SMF28), cleaved at an angle of 8 to
suppress back re°ections, is glued on the long face of
the ferrule, aligned with the lens at the free hanging
end of the cantilever.
2.2. Setup
The ¯rst optical ¯ber mounted in the side groove
and aligned with the re°ective part of the cantilever
is connected to a commercial interferometer
(OP1550, Optics11) to measure, via Fabry–Perot
interferometry, the de°ection of the cantilever.
The other optical ¯ber is connectedvia a circulator
(CIR-1310-50-APC, Thorlabs Inc., Newton, NJ,
USA) to the sample arm of a custom swept-source-
based OCT system that has been described in the
previous reports.41,42 Light from a 1310 nm swept-
source laser (A-line rate¼ 50 kHz, optical bandwidth
¼ 90 nm,Axsun Inc., Billerica,MA,USA) is split into
a sample arm and a reference arm, set in a Mach-
Zehndermodality. About 12mWof sample arm light
reaches the sensor through the second port of a cir-
culator, which in turn receives the backscattered
light collected by the ball lens. The light from the
circulator's third port interferes with the reference
arm light and the so-called DC terms are rejected
through balanced detection (PDB430C, Thorlabs
Inc., Newton, NJ, USA), yielding a sensitivity of
112 dB. The acquisition of a B-scan (2000 A-lines/
B-scan) starts when the position of the stage reaches
a set location: the stage controller then sends an ac-
quisition-trigger to the high-speed digitizer
(ATS9350, Alazar Inc., Pointe Claire, Canada).
The data are processed as follows: the average
k-space spectrum is subtracted from each individual
Fig. 1. Microscope side view of the ferrule-top sensor com-
bining indentation and OCT capabilities.













































































spectrum to remove DC noise and ¯xed patterns in
the image. Then, a cosine window and a chromatic
dispersion correction curve are applied before per-
forming a Fourier transform (®t, Mathworks Inc.,
Natick, MA, USA). Finally, the resulting absolute
values are converted in dB scale, producing an
A-line.
The ferrule-top probe is mounted on a three-
dimensional (3D) printed rigid arm, as shown in
Fig. 3. The arm is ¯xed to a long-travel piezo-
electric device (PI-602.3SL, 300 m range, Physik
Instrumente GmbH), which in turn is ¯xed on a
coarse Z-axis manipulator with a travel of
12.5mm.
The sample is placed on top of two orthogonal
linear stages (M664.164, Physik Instrumente
GmbH, driven by C867 controllers from the same
company) that allow for X–Y positioning with an
accuracy of less than 1m.
2.3. Experimental procedure
To acquire an OCT image, the tip of the sensor is
initially brought approximately 800m above the
Fig. 3. Overview of the setup: OCT imaging is obtained by moving the sample with the X–Y stages while the sensor hovers at
approximately 800m above the sample. Indentation measurements make use of the interferometric readout and are driven by the
piezoelectric element.
Fig. 2. OCE Ferrule-top fabrication steps: The ferrule is showed upside-down to ease the visualization. (a) preparation of the
ferrule (micromachining of the ridge and of the side groove); (b) preparation of the cantilever; and (c) assembly of the two readout
¯bers and of the cantilever.













































































surface of the sample. Using the X–Y stages, the
sample is then moved back and forth to allow for
B-scans and, if required, C-scans. The maximum
speed for the fast-scan axis is 75mm/s. In order to
guarantee a regime of constant speed, the motion
includes a run-up of 2mm, after which a hardware
trigger from the X–Y stage controller initiates the
acquisition of the B-scan. Maximum repeatability of
the B-scans is guaranteed by unidirectional scan-
ning. The axial resolution of the OCT signal
depends on its light source, and is around 10m in
PDMS, whereas the lateral resolution (roughly
given by the spot size, determined by the geometry
of the optical components of the probe) is estimated
by Zemax OpticStudio simulations to be around
30m.
Before the indentation experiment, we bring the
sensor close to the surface with the Z-axis manip-
ulator and extend the piezoelectric device until the
tip gets in contact with the surface. Then, the ac-
tual mechanical measurement begins: as the tip is
pushed into the sample, we record the extension of
the piezoelectric translator (via its internal strain-
gauge), the de°ection of the cantilever (via the
interferometer), and the indentation depth (calcu-
lated as di®erence between the piezoelectric exten-
sion and the cantilever de°ection). Using a software
feedback loop running at 500Hz, we impose a
temporal pro¯le to the indentation depth by
adjusting the position of the piezoelectric element.
Eventually, we calculate the force required to reach
a prede¯ned depth set-point by multiplying the
measured de°ection of the cantilever by the asso-
ciated spring constant, previously obtained via a
standard calibration technique.43
2.4. Sample preparation
To demonstrate the working principle of this
ferrule-top sensor, we created a sample that, while
avoiding the ethical and technical issues of real bi-
ological tissues, shares with them several meaning-
ful properties. Such tissue-mimicking phantom was
made out of a bi-component crosslinked elastomer
polydimethylsiloxane (PDMS, Sylgard 184, Dow
Corning) and presents the following characteristics:
. Layers: the sample is composed of two layers.
. Structure: a step defect changes the thickness of
the top layer.
. Mechanical contrast: the top layer is sti®er than
the bottom one.
. Optical contrast: the bottom layer scatters more
than the top one.
The preparation of the sample borrows from a
technique used in soft lithography,44 in which a
positive mask de¯nes the structure imprinted on the
bottom surface of a casted polymer. We start by
gluing a cover-slip (thickness of 100m) to a mi-
croscope slide and spray it with a thin layer of
Te°on (DuPont, dry-¯lm lubricant) in order to
prevent adhesion later on. We place the microscope
slide at the bottom of a mold and cast the pre-
polymer of PDMS inside it. After curing, we peel the
polymer o® the mask and out of the mold and put it
upside-down in the mold, where it is covered with
another PDMS layer. Following this procedure, we
are able to obtain a sample with a °at surface and a
nonhomogeneous subsurface structure. To create
mechanical contrast, the bottom layer is made with
a ratio of 40:1 elastomer to curing agent, whereas
the top layer is tuned to be sti®er by mixing the
components in a ratio of 10:1 (higher fraction of
curing agent results in more crosslinks and higher
sti®ness). Furthermore, by substituting di®erent
fractions of the elastomer with a special solution
(made with TiO2 particles suspended in OH-
terminated silicone oil), we can obtain di®erent
scattering coe±cients in the two layers, resulting in
optical contrast for the OCT image. As expected,
the ¯nished sample appears homogeneous at visual
inspection (see Fig. 3), yet it is expected to present
an internal structure and two layers with di®erent
mechanical and optical properties.
3. Results and Discussion
To demonstrate the working principle of the probe,
we surveyed the sample by performing B-scans in
di®erent locations to identify the position of the
underlying step structure. Then, we included that
area-of-interest in a C-scan of 3  3mm and even-
tually performed mechanical indentation along a
B-scan.
In the OCT image, the structure of the sample is
clearly recognizable, as shown in the B-scan in
Fig. 4. Backre°ections from the sensor are notable
at ¯xed vertical positions in the upper part of the
image, but they are not intense enough to jeopar-
dize image quality. Such backre°ections are un-
avoidable in this type of sensor, as they arise from
the mismatch of the indexes of refraction at the four













































































interfaces of the sensor: starting from the top, we
identify the ¯ber-to-air, the air-to-cantilever, the
cantilever-to-sapphire-lens and the sapphire-lens-to-
air interfaces. Measuring in a liquid environment
would mitigate the mismatches and the intensity of
those backre°ections. However, the hydrodynamic
forces on the cantilever would then impose an upper
limit on the scanning velocity. In air, on the contrary,
we can drive the stage at full speed and obtain a
B-scan in 40ms and a C-scan in less than 3min.
In Fig. 4, the contrast between the two layers is
due to their di®erent scattering coe±cient, tuned to
be lower in the top one. It is possible to see a
smearing of the defect, resulting in a smoothened
transition between the region with a thin top layer
and the region with a thicker one. The upper surface
is smooth but not perfectly horizontal due to
imperfections in the fabrication procedure.
After imaging, we performed mechanical mea-
surements across the defect. Speci¯cally, we mea-
sured the load required to reach an indentation
depth of 15m, and repeated that every 150m
along the whole 3mm length of the B-scan. The
results are shown in Fig. 5. In the ¯rst approxima-
tion, the observed mechanical behavior depends
on all the material included in a radius of around
10 times the indentation depth, in our case, extend-
ing to around 150m: this is the depth until which
mechanical properties are \sensed". In the region
where the harder layer comprises a smaller fraction of
such volume, the load to reach 15m depth is
therefore lower than the region in which the top and
harder layer is thicker (see Fig. 5). The calibration
procedure, from which we obtained a sti®ness of the
cantilever of 21:3 0:6N/m, is the predominant
source of error on the load (see error bars in Fig. 5).
In these measurements, our ability to recognize
two areas and ascribe the di®erent observed me-
chanical behavior to the respective subsurface
structures is a direct consequence of the way our
sample was created. In fact, the mechanically sti®er
PDMS layers presents the lesser scattering coe±-
cient: optical contrast and mechanical contrast had
been tailored to have an identical spatial distribu-
tion. However, in some samples, such as breast-
cancer,26 the sources of mechanical contrast might
be di®erent from the sources of scattering-based
optical contrast. In those cases, performing inde-
pendent imaging and mechanical measurements as
done in this paper would not to be as insightful as
demonstrated in this work. This leaves room for
future developments, aimed at a more intimate in-
tegration of OCT imaging and mechanical mea-
surements with the implementation of OCE
Fig. 4. B-scan acquired with the sensor hovering on top of the
sample. The total horizontal length is 3mm, the vertical length
is a 5mm optical-path-di®erence, and it has been rescaled to
represent the true (physical) size of the PDMS sample. The
material of each layer has been labeled, the horizontal lines in
the upper part are the backre°ections happening at the inter-
faces of the components of the sensor.
Fig. 5. Load applied to reach 15m indentation depth,
superimposed on the B-scan along which the measurements
took place. The error bars are due to the error on the spring
constant of the cantilever. The 21 measurements are 150m
apart, and they cover the 3mm length of the B-scan. Load is
calculated by multiplying the de°ection of the cantilever by its
spring constant, quantities which are respectively measured by
Fabri–Perot interferometry and by a calibration procedure.













































































techniques. One major hurdle would be the proper
quanti¯cation of stress within the sample: most
current OCE protocols apply the mechanical stim-
ulus over the whole imaging area, and proceed with
the analysis in the assumption of a uniform stress
distribution inside the material. Our probe does not
require precompression, and exerts loads smaller
and more con¯ned that any other quasi-static OCE
probe.16 While this is desirable in many life sciences
applications, it would not allow us to assume that
the stress is uniform along the axis of indentation
for the whole imaging range. The depth-resolved
quanti¯cation of mechanical properties would
therefore require more re¯ned modeling of the
propagation of the stress ¯eld in the material upon
indentation.
4. Conclusions
We showed the working principle of a multimodal
probe that combines indentation at micro-scale
with OCT in an all-optical epidetection scheme.
With this sensor, it is possible to serve two pur-
poses: ¯rst, one can hover on a structured sample
and identify a morphological area-of-interest via
OCT, and second, one can perform localized and
accurate mechanical measurements in that area-of-
interest. The epidetection scheme o®ers the added
value of being able to image thick samples, paving
the way to a novel quantitative approach to opto-
mechanical investigation of nontransparent, thick
tissues.
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